[image: image1]Determination of Static and Dynamic Yield Stress of Chengdu Clay Slurry

		ORIGINAL RESEARCH
published: 22 August 2022
doi: 10.3389/fphy.2022.849633


[image: image2]
Determination of Static and Dynamic Yield Stress of Chengdu Clay Slurry
Ji XianJun1,2*, Liang Ying1, Cao WenHao1,2†, Sun XiaoKang1,2† and Song Peng1,2
1Nanyang Institute of Technology, Nanyang, China
2Henan International Joint Laboratory of Dynamics of Impact and Disaster of Engineering Structures, Nanyang Institute of Technology, Nanyang, China
Edited by:
Ferenc Kun, University of Debrecen, Hungary
Reviewed by:
Kamran Karimi, University of Calgary, Canada
Eric Josef Ribeiro Parteli, University of Duisburg-Essen, Germany
* Correspondence: Ji XianJun, jifeng988@163.com
Specialty section: This article was submitted to Interdisciplinary Physics, a section of the journal Frontiers in Physics
†ORCID: Cao WenHao, orcid.org/ 0000-0002-5514-4007; Sun XiaoKang, orcid.org/0000-0002-6241-8053; Song Peng, orcid.org/0000-0001-6373-1693
Received: 06 January 2022
Accepted: 24 June 2022
Published: 22 August 2022
Citation: XianJun J, Ying L, WenHao C, XiaoKang S and Peng S (2022) Determination of Static and Dynamic Yield Stress of Chengdu Clay Slurry. Front. Phys. 10:849633. doi: 10.3389/fphy.2022.849633

The yield stress of mud is one key to analyze the initiation and deposition of debris flow. Taking Chengdu clay as the experimental material, slurries with different solid volume concentrations were prepared. Using the blade rotor system of mcr301 rheometer and the continuous shear experimental method, the dynamic change process of shear stress of slurries with different solid volume concentrations was obtained with the shear rate increasing and decreasing continuously. According to the experimental results, the static and dynamic yield stress of Chengdu clay slurry is determined, and the influence of solid volume concentration on the yield stress is analyzed. The following conclusions are obtained: Chengdu clay slurry is a non-Newtonian fluid with yield stress. In the process of accelerated shear, for Chengdu clay slurry with solid volume concentration exceeding 35%, the shear rate is in the range of 0.01–1 s−1, and the shear stress increases rapidly to the maximum. When the shear rate exceeds 1 s−1, the shear stress decreases rapidly and finally tends to be stable. The shear rate appears stress overshoot near 1s−1. However, in the process of increasing shear rate, for Chengdu clay slurry with solid volume concentration of no more than 35%, the shear stress increases rapidly in the range of shear rate of 0.01–0.1 s−1, and the shear rate exceeds 0.1 s−1. The shear rate has little effect on the shear stress, and the stress overshoot disappears. In the process of deceleration shear, for all solid volume concentrations in the semi logarithmic coordinate system, the mud shear stress decreases steadily with the decrease of shear rate. The static and dynamic yield stress of slurry increases exponentially with particle concentration.
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1 INTRODUCTION
Debris flow disasters induced by heavy rainfall occur from time to time all over the world. Reasonable risk zoning has always been one of the basic problems in the study of such disasters. Risk zoning should not only consider the factors such as altitude, topographic slope, rainfall and distance of the disaster source area [1], but also consider the physical vulnerability of residents and buildings in the area [2]. However, from the material composition of landslide and debris flow, mud (mixture of fine-grained soil and water) is the basic component of landslide and debris flow. Mud moves together with coarse particles, which makes it have the characteristics of strong impact and great destruction [3]. [4] pointed out that the flow behavior of landslide and debris flow is controlled by the rheological properties of mud matrix. The cognition of mud rheological characteristics is very important for understanding and analyzing debris flow movement. It is the basis for determining debris flow velocity, impact force and outflow distance, and is helpful to evaluate the risks related to debris flow movement. The rheological properties of mud will help to better understand the flow characteristics of such events. The rheological model thus obtained can indeed be input into the numerical simulation to predict the characteristics of debris flow events and draw the dangerous area map [5,6]. The yield stress of mud is one key.
Mud is a thixotropic non-Newtonian fluid with yield stress [7, 8]. The correlation between thixotropy and yield stress of such fluids and time has been widely studied by relevant scholars. [9] described the physical behavior of such materials in detail, summarized the experimental techniques that can be used for yield stress test, and discussed the latest progress in the application of micro theory. A new concept is proposed to divide it into simple yield stress fluid without time-dependent tolerance and thixotropic yield stress fluid with obvious time-dependent tolerance. For thixotropic fluids, yield stress is closely related to time, and the scheme used to obtain yield stress, especially for aging systems, depends on its precise definition [10]. For such materials, the yield stress depends on the nature of the test - there is a consensus on distinguishing between the yield stress measured by the solid to liquid (or yield) transition and the yield stress measured during the liquid to solid transition. Most yield stress fluids have microstructure, which is destroyed by flow in the shear process, so that the viscosity decreases reversibly with time, which is called thixotropy of fluids [11]. [12] summarized the research results of thixotropy in detail and analyzed the differences between thixotropy and shear hardening, aging and other phenomena. [13] emphasized that this time-varying rheological property makes it difficult to find a reliable method to determine the true yield stress. [14] proposed a practical definition of yield stress, that is, “any critical stress below which flow cannot be observed under experimental conditions.” At present, how to determine the yield stress of debris flow mud according to the starting movement and deposition process of debris flow and apply it to the analysis and prevention of debris flow disaster is still not clearly defined.
The yield stress of clay slurry comes from the microstructure of particle network formed by colloidal interaction or direct contact [15], which is related to the stress history [16,17]. According to the precise experimental scheme, the estimated yield stress can be described as static or dynamic [18,19]. The static yield stress can be determined by increasing the amplitude of oscillation scanning (stress or strain control) [9]. It can also be determined according to the actual shear rate (continuous shear or oscillatory shear test). In this case, the stress with deviation of stress response from linearity or maximum stress can be considered. The static yield stress thus determined depends on the shear rate applied and the “sample age” [20,21]. For dynamic yield stress, it is theoretically the shear stress value when the shear rate approaches zero, which represents that the material gradually enters the solid state from the flowing liquid state. In the experiment, the flow curve is usually measured by applying stable shear and gradually reducing the shear rate to reach the limit. The stress extrapolation within the vanishing shear rate limit (the intercept from the shear stress axis) is usually called the stress value of dynamic yield stress.
Debris flow movement includes three processes: initiation, migration and accumulation of debris flow. In the start-up stage, the debris flow fluid changes from static state to stable motion state in a short time, and the shear rate acting on the debris flow slurry increases rapidly from zero to a large value. The accumulation process of debris flow is the process of debris flow fluid changing from moving state to static state. The shear rate acting on debris flow mud gradually decreases from a large value of maintaining stable movement to zero. According to the above method for determining the dynamic and static yield stress, combined with the shear rate change process of debris flow slurry in the start-up and accumulation stages of debris flow, taking Chengdu clay as the experimental material and considering the actual situation of material source supply during the movement of debris flow (the addition of solid substances increases the slurry concentration, and the supplement of water source decreases the slurry concentration), prepare slurries with different volume concentrations, Using the blade rotor system of mcr301 rheometer, the rheological experiments of continuous shear (increasing shear and decreasing shear) were carried out. According to the experimental results, the effects of mud dynamic and static yield stress and solid volume concentration on dynamic and static yield stress are analyzed and determined. In addition, the influence of filling mud on the determination of yield stress is not considered.
2 EXPERIMENTAL MATERIALS AND SAMPLE PREPARATION
Chengdu clay is widely distributed in the second and third terraces of Minjiang River, the eastern suburb of Chengdu and Longquanyi area. It is brownish yellow, brownish yellow and grayish yellow. It is hard plastic, contains iron and manganese nodules, has strong viscosity and weak ∼ medium expansibility. The experimental materials in this paper are taken from Longquan District, Chengdu. The particle composition of the sample is analyzed by Mastersizer 3,000 laser diffraction particle size analyzer (measuring particle size range: 0.01–3500 um). The particle composition of Chengdu clay is shown in Figure 1. According to the experimental measurement method of liquid plastic limit of cohesive soil, the liquid plastic limit is measured by photoelectric liquid plastic limit joint measuring instrument. The liquid limit water content of Chengdu clay is 66.5% (the water content corresponding to the cone sinking depth of 17 mm) and the plastic limit water content is 24.5% (the water content corresponding to the cone sinking depth of 2 mm) [22]. Plasticity index: 42, >17. The density of clay particles in Chengdu is determined by volumetric flask method, which is ds = 2.7 g/cm3.
[image: Figure 1]FIGURE 1 | Grain size distribution of the chengdu clay materials.
Take some Chengdu clay, soak it in the container with water for more than 48 h, mix it manually, and fully saturate it for spare. The initial water content was determined by drying method ([image: image]:Percentage of water mass and dry soil mass per unit volume). Take a certain amount of standby mud and place it in 10 measuring cups. Add different amounts of distilled water into each measuring cup respectively, and calculate the water content ([image: image]) after adding water according to the initial water content ([image: image]). Calculate mud solid volume concentration ([image: image]):
[image: image]
[image: image]Is the solid volume, [image: image]is the total volume ([image: image] = [image: image]+[image: image]), [image: image]is the water volume.
According to water content (ω1) And particle density (ds), calculate the slurry solid volume concentration in each measuring cup (see Table 1).
TABLE 1 | Miosture content and solid volume concentration of the Chengdu clay mud.
[image: Table 1]3 RHEOLOGICAL INSTRUMENTS AND EXPERIMENTAL METHODS
3.1 Experimental Instrument
The geometry of viscometer commonly used for yield stress fluid measurement includes concentric cylinder, cone and plate, blade shape, etc. [23] comprehensively introduced the principle and application of the above viscometers with different geometry used for viscosity measurement, and fully analyzed the source of experimental error. In hard particle suspensions, wall slip is a common main problem affecting rheological measurement [24]. Relevant scholars have adopted local measurement techniques (light scattering velocimetry in Couette geometry [25] and particle tracking velocimetry in cones and plates [26‐28] and flat plate geometry [29], It provides direct evidence for the wall slip of materials with different yield stress, and puts forward the quantitative measurement of sliding velocity. In the presence of wall slip, the measured apparent shear rate overestimates the true shear rate inside the material [9]. The vane viscometer consists of four blades arranged at an equal angle. Compared with other geometries, the vane viscometer has the advantages of minimal interference to the material structure during insertion, and can minimize the problem of wall slip. Although magnetic resonance imaging technology has found that wall slip phenomenon still exists [30], it is still widely used to study in gel and thixotropic materials; [31‐35].
According to the above analysis, the blade rotor system of mcr301 rotary rheometer in antonpa, Austria is used in this study- It is a stress-controlled rheometer by Anton Paar. The rheometer adopts modular and intelligent design and is composed of temperature control system, fixture system and test system. It consists of four thin blades arranged equiangularly around the axis of a small cylinder; Blade diameter d1 = 13 mm, blade height h = 48 mm; Cup mouth diameter d2 = 37 mm (see Figure 2). The rheometer adopts air bearing, and the minimum torque is 0.002 μNm, maximum torque: 200 mnm, deflection angle (preset): 0.1 to ∞ μRad, minimum speed (CSS): 10−7 rpm, minimum speed (CSR): 10−6 rpm, maximum speed: 3000 rpm, minimum frequency: 10−5 Hz, maximum frequency: 100 Hz, normal stress range: 0.01–50 N, normal stress accuracy: 0.002 N, temperature range: 150–1,000°C.
[image: Figure 2]FIGURE 2 | Schematic diagram of blade rotor system.
Assuming no inertia effect and ignoring the normal stress difference, the shear stress ([image: image]) and shear rate ([image: image]) are calculated as follows:
[image: image]
Where [image: image]is the torque applied to the blade and [image: image] is the angular velocity of the blade rotor.
3.2 Experimental Method
In the past, many methods have been developed to measure yield stress, mainly including stress relaxation, creep/recovery test, stress growth test, continuous shear test and so on. The yield stress of stress relaxation experiment is defined as the residual ultimate stress after the fluid stops flowing. Creep/recovery test is to apply a constant shear stress to the fluid, the shear stress is higher than the yield stress, the material flows, the stress is lower than the yield stress, and the material behaves as a solid. The stress growth experiment is to shear the fluid at a constant shear rate during the rheological experiment, obtain the change process of shear stress with time, and determine the yield stress according to the change curve of stress with time. Continuous shear test is a process in which the shear rate continuously increases from zero to the set value (accelerated shear) or decreases from the set value to zero (decelerated shear) during the rheological experiment to obtain the variation of shear stress with the shear rate (increase or decrease). [36] summarized the advantages and disadvantages of each method. Although some methods are widely used, because the yield stress depends on its measurement method, especially whether it is determined during the solid-liquid transition or the opposite transition [9], no method is considered as a standard procedure for determining the yield stress. Aiming at the start-up and deposition process of debris flow, in the start-up process of debris flow, the debris flow fluid develops from static state to stable motion state in a short time, and the shear rate of debris flow slurry increases from zero to a large value; In the process of debris flow deposition, the moving debris flow fluid changes from moving state to static state, and the shear rate of debris flow slurry decreases from large value to zero. According to the field observation of field debris flow disasters by [3] and [37], it is estimated that the shear rate of moving debris flow slurry is usually between 0.1 and 20 S−1 [38]. In order to explore the variation process of shear stress with shear rate during the start-up and accumulation of debris flow slurry, the rheological experiments of increasing shear (representing the start-up process of debris flow) and decreasing shear (representing the deposition process of debris flow) were carried out continuously by using the blade rotor of mrc301 rheometer and the method of continuous shear experiment. At the beginning of the test, the slurry with different solid volume concentrations is fully stirred, and then take an appropriate amount of prepared mud into the fixed outer cylinder of the blade rheometer, and immerse the blade rotor into the mud. In the test, the shear rate (blade rotor rotation rate) continuously increased from 0 to 30s−1 (accelerated shear) in a logarithmic growth mode, and then the shear rate continuously decreased from 30 s to 1 to 0 (deceleration shear) in the same path. There is no time interval between increasing shear and decreasing shear. The dynamic change process of shear stress with the increase and decrease of shear rate was recorded. Although this process is not complicated, the scheme combines the complex transient response of the sample and the shear induced solid-liquid phase transition [39], but largely reflects the rheological process of debris flow slurry during debris flow initiation and accumulation. In the whole experimental process, the test temperature of the sample is constant at 20°C through the water circulation system.
4 EXPERIMENT RESULTS AND DISCUSSION
According to the above experimental methods, using the blade rotor system of Anton Paar mcr301 rheometer, the dynamic process of shear stress increasing with shear rate (unfilled ○) and decreasing with shear rate (filled • (see Figure 3).
[image: Figure 3]FIGURE 3 | (Continued).
4.1 Dynamic Response of Shear Stress With Shear Rate
The dynamic change process of shear stress 1) of Chengdu clay mud with shear rate 2) is shown in semi logarithmic coordinate system (Figure 3A–J). Figure 3 shows that Chengdu mud with all solid volume concentrations shows non-Newtonian behavior. At the same shear rate, the shear stress increases with the increase of mud solid concentration. The change of shear stress is completely different in the process of increasing shear and decreasing shear. In the process of increasing shear rate, the influence of solid volume concentration on the dynamic change of shear stress is obviously different. The main manifestations are: When the volume concentration of mud solid exceeds 35% and the shear rate is in the range of 0.01-1s-1, the shear stress increases rapidly to the maximum; When the shear rate exceeds 1s-1, the shear stress decays rapidly and tends to be stable (Figure 4A, B). For example, for the slurry with a solid volume concentration of 43%, when the shear rate is in the range of 0.01–1 s−1, the shear stress increases rapidly from 2650 pa to nearly 9000 pa (Figure 4A, and then decreases to less than 4700 pa (Figure 4. b). When the solid volume concentration is less than 35% and the shear rate is less than 0.1 s−1, the shear stress increases rapidly with the shear rate; When the shear rate exceeds 0.1 s−1, although the shear stress increases with the increase of shear rate, the increase range is small. For example, when the solid volume concentration is 28%, the shear rate is in the range of 0.01–0.1 s−1, and the shear stress increases rapidly from nearly 110 pa to nearly 270 pa. The shear rate is in the range of 0.1 s–1 to 30 s−1, and the shear stress increases slowly from 270 to 310 pa (Figure 3F). As the results of Jeong et al. 2010 on bentonite and illite natural clay, its flow behavior depends not only on the shear rate, but also on the particle concentration[40]. This result is consistent with the results of similar laboratory tests ([41,42]; Sueng won [43]). This result shows that Chengdu clay slurry is a typical non-Newtonian fluid with yield stress. In the process of decelerating shear, in the semi logarithmic coordinate system, the shear stress decreases steadily with the decrease of shear rate (filled with ● in Figure 3).
[image: Figure 4]FIGURE 4 | Relationship between shear stress and shear rate of Chengdu clay slurry with solid volume concentration of 43% (A) Shear stress with shear rate in the range of 0.01–1 s−1; (B) Shear stress with shear rate in the range of 1–30 s−1).
In the process of accelerated shear and decelerated shear, although the same shear rate change path is adopted, the increase (accelerated shear) and decrease (decelerated shear) of shear stress are completely inconsistent. The shear stress forms a hysteresis loop with the increase and decrease of shear rate (Figure 3), and the area of hysteresis loop decreases with the decrease of solid volume concentration. It shows that Chengdu clay mud has thixotropy, which decreases with the decrease of solid volume concentration. Relevant studies have shown that the response of thixotropic yield stress fluid will depend on the rate of stress rise and fall and the rest time between subsequent scans [8]. For the slurry with solid volume concentration lower than 35%, there is an intersection between the increasing shear stress curve and the decreasing shear stress curve (Figures 3E–J). [44] also observed similar behavior, and [45] reviewed the hysteresis loop in thixotropic fluid.
In addition, in order to analyze the viscosity change in the shear process, the viscosity change of Chengdu clay slurry with solid volume concentration of 43% and 28% respectively in the process of increasing and decreasing shear is plotted in Figure 5. Unfilled ○ in the figure represents the increasing shear process of slurry with solid volume concentration of 43%, and filled • presents its decreasing shear process; Unfilled △ represents the increasing shear process of slurry with solid volume concentration of 28%, and filled ▲ represents the decreasing shear process. Figure 5 shows that the viscosity of Chengdu clay slurry decreases with the increase of shear rate and increases with the decrease of shear rate, with typical shear thinning characteristics [46,47].
[image: Figure 5]FIGURE 5 | Variation process of mud viscosity with shear rate.
4.2 Determination of Static and Dynamic Yield Stress of Mud
According to the experimental results and 4.1 analysis, the variation process of shear stress of mud with different concentrations with shear rate is not consistent. When the solid volume concentration is greater than 35%, the shear stress increases rapidly, then decreases gradually, and finally tends to be stable. This change process is more clearly shown by plotting the change of shear stress with shear rate in semi logarithmic coordinate system (Figure 4A, B). [48,49] described this change process: in viscoelastic thixotropic fluid or nonlinear viscoelastic fluid, there will be stress growth first, then stress attenuation, and then the stress change tends to be stable (equilibrium flow). Although the static yield stress of thixotropic fluid depends on the applied shear rate and sample age [20,21], it is one of the common methods to use the stress overshoot as the static yield stress of mud. In this paper, for the slurry with solid volume concentration greater than 35%, the peak stress (stress overshoot) in the process of accelerated shear is taken as its static yield stress. For the slurry with solid volume concentration less than 35%, the growth range of shear stress before the shear rate is less than 0.1 s−1 and after the shear rate is greater than 0.1 s−1 is obviously different. Therefore, the shear stress value with shear rate of 0.1 s–1 is taken as its static yield stress. Combined with the start-up process of debris flow, the static yield stress value of mud with different solid volume concentration represents the minimum stress value that needs to be overcome when debris flow enters the flow state from start-up.
The dynamic yield stress value represents the stress threshold of the material gradually entering the solid state from the flowing liquid state. The shear stress value is measured by gradually reducing the shear rate to reach the limit. The stress value obtained by extrapolating the stress within the disappearance limit of the shear rate (the intercept from the shear stress axis) is usually called the stress value of dynamic yield stress. According to the variation process curve of shear stress with shear rate obtained from the deceleration shear rheological experiment of mud with different solid volume concentration (filled with ● Figure 3), the shear stress value with shear rate of 0.01 s–1 is taken as the dynamic yield stress of mud.
4.3 Effect of Solid Concentration on Yield Stress
Table 2 confirms that the solid volume concentration has a strong effect on the yield stress. For slurries with solid volume concentration greater than 35%, the dynamic yield stress is much smaller than the static yield stress [30,37,50–52], and this difference decreases with the decrease of concentration. The yield stress increases exponentially with particle concentration (Figure 4). [38] expressed the relationship between yield stress and solid volume concentration as: [image: image], where α,βis an empirical coefficient, depending on sediment characteristics. eonardo. [53] used a rotary rheometer equipped with a blade rotor system, adopted the same experimental scheme, conducted rheological experiments on the slurry composed of fine pyroclastic particles with solid concentrations of 32%, 35%, 38%, 40% and 42% respectively, analyzed the influence of solid volume concentration on its static and dynamic yield stress, and obtained the conclusion consistent with this paper. The research results of Leonardo [53] on Nocera debris flow and [54] on Colorado debris flow are drawn in the same semi logarithmic coordinate diagram (Figure 6), and the influence of solid concentration on yield stress is compared. Empirical coefficient of static yield stress of Chengdu clay slurry varying with solid volume concentration α, β is 0.8317 and 0.223, respectively Empirical coefficient of dynamic yield stress with solid volume concentration α, β They are 1.433 and 0.1769 respectively. Empirical coefficient of variation of mud yield stress of Nocera debris flow and Colorado debris flow with solid volume concentration α,β See the fitting data in Figure 6. This result shows that due to the difference of mud composition, the effect of solid concentration on yield stress is quite different.
TABLE 2 | Summarizes the static yield stress and dynamic yield stress values of slurries with different solid volume concentrations (see Table 2). Table 2 Miosture content and solid volume concentration of the Chengdu clay mud.
[image: Table 2][image: Figure 6]FIGURE 6 | Yield stress versus Solid Volume Concentration.
5 CONCLUSION
In this paper, Chengdu clay is used as experimental material to prepare slurries with different solid volume concentrations. Based on the preliminary analysis of the experimental method, the application of experimental equipment and the determination of static and dynamic yield stress, combined with the movement characteristics in the process of debris flow startup and accumulation, using the blade rotor system of mcr301 rheometer and the experimental methods of continuous increasing shear and decelerating shear, the dynamic change process curve of mud shear stress with different solid volume concentration with the increase/decrease of shear rate is obtained. According to the experimental results, the static and dynamic yield stress of Chengdu clay mud is determined, and the influence of solid volume concentration on the dynamic and static yield stress of mud is analyzed. The following conclusions are obtained:
Chengdu clay slurry is a non-Newtonian fluid with yield stress. At the same shear rate, the shear stress increases with the increase of mud solid concentration. The change of shear stress is completely different in the process of increasing shear and decreasing shear. In the process of increasing shear rate, when the volume concentration of mud solid exceeds 35% and the shear rate is in the range of 0.01–1 s−1, the shear stress increases rapidly to the maximum value; When the shear rate exceeds 1 s−1, the shear stress decays rapidly and tends to be stable, and the stress overshoot occurs near the shear rate of 1 s−1. When the solid volume concentration is less than 35%, when the shear rate is less than 0.1 s−1, the shear stress increases rapidly with the shear rate; When the shear rate exceeds 0.1 s−1, although the shear stress increases with the increase of shear rate, the increase range is small, and the stress overshoot disappears. Chengdu clay mud is thixotropic. Thixotropy decreases with the decrease of solid volume concentration. The viscosity decreases with the increase of shear rate and increases with the decrease of shear rate. The static and dynamic yield stress of slurry increases exponentially with particle concentration.
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